Precise measurements of the displacement of, and force acting on, a mechanical oscillator can be performed by coupling the oscillator to an optical cavity. Brownian thermal forces represent a fundamental limit to measurement sensitivity which impedes the ability to use precise force measurements as a tool of fundamental enquiry, particularly in the context of macroscopic quantum measurements and table-top gravitational experiments. A torsion pendulum with a low mechanical resonant frequency can be limited by very small thermal forces -from its suspensions -at frequencies above resonance. Here, we report torque sensing of a 10-mg torsion pendulum formed by a bar mirror, using two optical cavities on either edge. The rotational mode was measured by subtracting the two signals from the cavities, while intracavity radiation pressure forces were used to trap the torsional mode with a 1 kHz optical spring. The resulting torque sensitivity of 20 aNm/ √ Hz is a record for a milligram scale torsion pendulum. Such a massive optomechanical device featuring high sensitivity can shed light on macroscopic quantum mechanics and gravitational physics.
Introduction.-The lightly damped torsion pendulum is one of the most sensitive mechanical force detectors [1, 2] . In various guises, it has been used throughout the history of precision experimental physics: Cavendish's measurement of the Newtonian gravitational constant using a torsion pendulum [3] is essentially still the preferred method [4] ; the first measurements of the feeble radiation pressure force [5] and torque [6] used one; table-top tests of the equivalence principle [7, 8] , as well as tests of the inverse-square law of gravity [9] , continue to employ torsion pendula read-out using optical levers.
In recent years, the ability to enhance the sensitivity of the read-out by integrating mechanical oscillators with optical cavities -within the field of cavity optomechanics [10] -has renewed interest in fundamental tests of quantum mechanics [11] , decoherence mechanisms [12] [13] [14] [15] [16] , and gravitational physics [17] [18] [19] [20] [21] using table-top mechanical experiments. In general, optomechanical experiments to test several of these proposals call for low frequency (sub-Hz), high quality factor, massive (subgram) mechanical oscillators measured with high sensitivity [22] . In this context, a macroscopic torsion pendulum -a well-proven platform for high-precision mechanical experiments -coupled to an optical cavity -for enhanced optical read-out and control -affords a unique combination of capabilities that could enable quantum state preparation in the future.
In addition to read-out sensitivity, all measurements of the angular displacement of a torsion pendulum are limited by thermal torque fluctuations. For a torsion pendulum at temperature T , with a moment of inertia I, and damping rate γ m (ω), the thermal torque at frequency ω is quantified by the spectral density [23, 24] ,
Once extraneous technical noise sources are eliminated, the sensitivity of a torsion pendulum can be limited by thermal noise. One route to further improvement is to employ nano-scale (low moment of inertia) torsional oscillators [25, 26] , with low dissipation (low damping rate), operated at cryogenic temperatures [27] . Typical nano-scale oscillators operating at high resonant frequencies (ω m ) tend to be viscously damped, i.e. γ m (ω) = ω m /Q m is frequency-independent and characterized by the quality factor Q m . A pico-gram-scale torsional oscillator with high-Q m , coupled to a cryogenic optical micro-cavity, has realized a record torque sensitivity of 10 −24 Nm/ √ Hz [27] . Sub-gram-scale torsional oscillators -such as the ones required for fundamental tests of decoherence [16, 22] have either been traditionally read-out using an optical lever [28] [29] [30] , or when integrated with an optical cavity, limited by thermal and technical noises [31, 32] . To the best of our knowledge, the state-of-the-art is a torque sensitivity of 4 × 10 −16 Nm/ √ Hz at 6 kHz (inferred from the reported torque variance of 2×10 −18 Nm achieved after an integration time of 14 hours) [28] . In this Letter, we report an order of magnitude improvement in sensitivity to 2 × 10 −17 Nm/ √ Hz at around 100 Hz, with a milligram-scale torsion pendulum at room temperature. Our oscillator is a 10-mg suspended bar-shaped mirror oscillating at 90 mHz. Two optical cavities are constructed, one on each edge of the bar mirror, in order to sense the rotational mode by subtracting the two signals. Radiation pressure forces from the two cavity modes are used to stiffen the torsional mode using an optical spring, which further dilutes the contribution of suspension thermal noise [33] . The low suspension thermal noise has enabled the realization of the best torque sensitivity at these mass scales to our knowledge. This is a crucial step towards tests of gravitational and quantum physics with torsion pendula. Concept and experiment.-At the low frequencies of the suspensions of large oscillators, structural damping leads to a frequency-dependent dissipation [24, 34] , i.e. γ m (ω) = (ω m /Q m )(ω m /ω). Thus, for large-scale torsion pendula, thermal torque fluctuations,
decrease quadratically with the resonant frequency. Thus, a low-frequency torsion pendulum can efficiently offset the benefits of cryogenic operation (as long as the dissipation in the suspension is not increased). Since the restoring torque of a single suspension wire is proportional to the radius of the wire to the fourth power, the resonant frequency of a torsion pendulum can be dramatically decreased by using ultra-thin suspensions. Furthermore, thermal noise is reduced by a 1/ω factor above resonance compared to a viscously damped oscillator. The torsion pendulum we use, shown in Fig. 1b , is formed by suspending a 10 mg bar mirror (silica substrate of dimensions 15 mm × 1.5 mm × 0.2 mm) on a single strand of carbon fiber that is ∼ 6 µm thick and 2.2 cm long. The small diameter and low shear modulus of the fiber (∼ 10 GPa) gives a torsion resonant frequency ω m = 2π × 90 mHz, while ring-down measurements indicate a damping rate of γ m (ω m ) = 2π × (35 ± 3) µHz, corresponding to a quality factor of Q m = (2.6 ± 0.2) × 10 3 . Taken together, Eq. (2) predicts a thermal torque of 0.8 × 10 −18 Nm/ √ Hz at 100 Hz.
In order to access this state-of-the-art sensitivity at the milligram scale, we use two optical cavities situated on either end of the bar mirror (see Fig. 1a ) to sense its displacement. The cavities have a triangular configuration to quell radiation pressure torque instabilities [35] . Their input mirrors, half-inch in size with reflectivity R i = 99.8%, are mounted on a rigid holder which are themselves on picomotors so as to allow for cavity alignment. The second mirror is of a similar size, but with a reflectivity of R c = 99.99%, is embedded in a brass spacer weighing 70 g and suspended from four piano wires. It is actuated using a coil-magnet arrangement for cavity length control. The cavities are each driven by 20 mW of 1064 nm light from a Nd:YAG laser derived at a beam-splitter (see Fig. 1c ). Either cavity is designed to be 9 cm long, and their finesse was measured to be F A = (3.0 ± 0.3) × 10 3 and F B = (2.4 ± 0.2) × 10 3 respectively. The resulting circulating power P A,B ∼ 10 W, together with the effective length of the bar L eff = 10 mm (which quantifies the effect of spot position on the bar mirror) allows in principle, a torque sensitivity of 1.2 × 10 −18 Nm/ √ Hz at 100 Hz.
However, various sources of extraneous technical noises need to be mitigated to realize the design potential. Isolation from ground motion is achieved by placing the cavities on an aluminum plate on a double pendulum system and elastomer dampers (Viton) at the bottom; this provides 70 dB isolation from vertical ground motion and an estimated 100 dB in the horizontal direction. Extraneous laser frequency noise is suppressed by stabilizing the laser with an in-vacuum reference cavity (4.4 cm long with a finesse of 6.4 × 10 4 ) using a Pound-Drever-Hall error signal that is used to actuate the laser piezo; this results in a residual frequency noise of 0.03 Hz/ √ Hz at 100 Hz, as estimated from the suppressed error signal of the frequency stabilization loop. Laser intensity is actively stabilized to a relative shot noise level of 3 using an amplitude modulator to actuate on a photo detector (PD) signal that monitors laser power. Both the reference cavity and intensity monitor PDs are seismically isolated. The entire experiment, together with the extraneous noise sensors, is operated at a pressure of 2.4 × 10 −4 Pa to eliminate coupling of acoustic noise, and noise due to residual gas.
To measure the torsional mode, each of the two cavities is locked to the laser. Laser-cavity detuning is controlled by adding offsets to the feedback signal. A radiation pressure optical spring, implemented by blue-detuning the laser to 1/ √ 3 ∼ 0.6 of the cavity linewidth (to maximize the optical spring for given input power), further suppresses the influence of low-frequency ground vibrations. Finally, amplitude fluctuations of light reflected from each cavity, detected on a PD, are combined to obtain the rotational motion of the torsion pendulum. Common-mode rejection from combining the displacements of the bar's ends further suppresses seismic noise in the signal.
Result and discussion.-The measured torque spectral density is shown in Fig. 2 (red trace) . The spectrum is calibrated in torque units using the known susceptibility of the torsion pendulum and the estimated spectrum of the pendulum's angular displacement. The latter is obtained by combining either cavity's displacement noise in a linear superposition, θ = (x B − αx A )/L eff . Here, L eff = 10 mm is the effective length of the bar inferred from monitoring the bar's bending modes. The superposition coefficient α is ideally unity; however differences in the two beam spot sizes, reflectivities of the two ends of the bar, and transduction of either cavity implies that α = 1. In order to determine α, we use the fact that common-mode extraneous noises, such as external vibration noise, should not couple to the angular displacement of the bar. We are thus led to choose α = 0.880 ± 0.001 by minimizing the transduction of the vibration noise peak at 73 Hz (originating from a vacuum pump). This optimal choice also minimizes other broadband noises in the 50-100 Hz interval, resulting in a torque sensitivity of 2 × 10 −17 Nm/ √ Hz (corresponding to an angular displacement of 10 −15 rad/ √ Hz). This is within an order of
Noise spectra of differential force on the ends of the bar mirror, calibrated as a torque. The measured spectrum (red) can be largely understood using a noise budget (blue) consisting of vertical seismic noise (cyan dotted), thermal noise of the input mirror holder's structural modes (brown dotted), laser noise (black dotted), internal bending mode of the bar mirror (orange dotted), thermal noise from the pendulum suspension (green dotted), and quantum radiation pressure torque noise from the readout cavity modes (red dotted).
magnitude of the ideal thermal noise limit expected for the given configuration, and the best torque sensitivity achieved at the milligram scale to our knowledge. The blue trace in Fig. 2 shows the total budgeted noise, while the various dotted lines show the dominant components of the budget. Vertical seismic noise (cyan dotted), measured independently by a seismometer, limits the sensitivity at low frequencies (< 50 Hz) where the seismometer and the cavity length signals have a coherence close to unity. The transduction from vertical ground motion to cavity length is frequency-dependent, via the 20 Hz resonance of the vibration isolation platform; in the noise budget, we model the transduction above 20 Hz. Thermal noise of the input mirror holder (brown dotted) limits sensitivity at high frequencies (> 150 Hz). The non-monolithic construction of the input mirror holder, partly due to the various moving parts for cavity alignment, has several structural resonances which we model using their quality factors (typically below 10) and resonant frequencies. The origin of the mirror holder noise has also been verified by using a single linear cavity, eliminating the rigid input mirror holder. A more fundamental, but small, contribution to the noise budget at these frequencies is due to the thermal motion of the bending mode of the bar mirror substrate (orange dotted, due to the bending mode of effective mass 26 mg). Finally, torque-equivalent laser noise (black dotted), arising from residual amplitude noise that limits readout sensitivity (in cavity reflection) and excess frequency noise that gives rise to intra-cavity amplitude noise (for detuned operation) and thus classical radiation pressure torque fluctu- ations, remain yet smaller. Despite accounting for all the above sources of noise, an unexplained excess remains in the 50-150 Hz interval; we conjecture that the excess is due to stray scattering of light in the readout path.
Fundamental noises related to the pendulum, such as suspension thermal noise of the torsional mode, and quantum radiation pressure noise, are shown as the green and red dotted lines respectively. They are plotted as torques acting on the measured beam spot positions. Suspension thermal noise, calculated from Eq. (2) using the measured resonant frequency and quality factor, is below the total budgeted by an order of magnitude at 100 Hz. Quantum radiation pressure torque noise is given by
where δ is the cavity detuning normalized by the cavity line width, and ω eff is the effective mechanical resonant frequency including the optical spring. In our experiment, δ ∼ 0.6, while the effective mechanical frequency, dominated by the optical spring (see Fig. 3 ), is ω eff ∼ 2π × 1 kHz. The resulting estimate for the quantum radiation pressure torque noise contributes about (14±3)% to the measured spectrum around 100 Hz. This value, along with [36] , is the highest reported on milligram and gram-scale experiments to observe quantum radiation pressure noise [37] [38] [39] .
In the current experiment, thermal noise from the low order bending modes of the bar limits progress towards the standard quantum limit (SQL) regime. This problem can be solved by replacing the bar mirror with a dumbbell-shaped arrangement of mirrors at the two ends. The shorter and thicker substrate in this case increases the resonant frequencies of the bending modes and reduces their thermal noise. In ongoing work, we are experimenting with a linear cavity -without the fixed mirrorto readout the oscillator's displacement in a manner that is resilient to radiation pressure torque instabilities; this would eliminate thermal noise due to the mirror holder. In this fashion, extraneous noise above 150 Hz is expected to be mitigated, and lead to a torque sensitivity at the SQL, about 1 × 10 −18 Nm/ √ Hz at 400 Hz. Conclusion.-We have demonstrated a milligram-scale torsion pendulum with the best torque sensitivity at these mass scales. This is achieved by employing a suspension made of a single strand of carbon fiber featuring an exceptionally small resonant frequency with internal dissipation that is structural in nature. By forming triangular cavities on each edge of the torsion bar -to eliminate radiation pressure torque instabilities -and performing differential readout of the output of the two cavities, we realize a torque sensitivity at the few atto-Nm level. This is within an order of magnitude of being limited by quantum radiation pressure torque fluctuations, and has the potential for accessing the SQL to explore various aspects of gravitational and quantum physics.
